Introduction {#sec1-1}
============

Puerarin (daidzein-8-C-glucoside) is the major isoflavonoid derived from the Chinese medical herb *Radix puerariae* (kudzu root). In China, *R. puerariae* is known as Ge Gen and has been used for a long time as a traditional Chinese medicine for treating various diseases including cardiovascular disorders, such as angina and myocardial infarction.\[[@ref1][@ref2][@ref3]\] Interestingly, experimental studies also showed puerarin may reduce acute tissue damage from cerebral ischemia in rats.\[[@ref4][@ref5]\] However, investigations on puerarin\'s long-term therapeutic effects, particularly with delayed treatment to ischemic stroke remain largely lacking but is considered of highly translational significance for evaluation of preclinical efficacy.\[[@ref6]\]

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Focal Cerebral Ischemia in Rats {#sec3-1}

The puerarin used in this study was purchased from Sigma (St. Louis, MO; Product Number 82435); its molecular weight is 416.36 (C~21~H~20~O~9~) with purity ≥98.0% (high-performance liquid chromatography). All experiments were performed following an institutionally approved protocol in accordance with the guide for the care and use of laboratory animals. Adult male Wistar rats weighing 280-320 g were employed in all experiments. Transient right middle cerebral artery occlusion was induced by following the standard method.\[[@ref7]\] All animals were randomly selected into four experimental groups (*n* = 22 rats per group), each group on animals were treated intraperitoneally at 24 h after stroke with puerarin at 0 (saline control), 50, 100 and 200 mg/kg, respectively; thereafter received the same treatment daily for 14 days. Assessment to treatment groups was blinded to investigators. The dose selection was based previously published work from others in range 25-400 mg/kg.\[[@ref4][@ref8]\]

### Neurobehavioral Tests {#sec3-2}

Two neurobehavioral tests modified neurological severity score (mNSS) and adhesive-removal test were assessed before surgery and at 1, 4, 7 and 14 days after stroke by independent investigators blinded to experimental groups. mNSS was adopted to evaluate the comprehensive functions of motor, sensor, reflex and balance of animals as previously described by others.\[[@ref9]\] These neurological functions were graded on a scale of 0-18 and 1 score point was awarded for the inability of performing each test or for the loss of a specific reflex. The higher score means the worse neurological condition. We also used adhesive-removal test to measure the somatosensory deficit of animals by following a standard protocol as described by others.\[[@ref10]\] Briefly, sticky paper dot of identical size were used as tactile stimuli to adhere to the distal-radial area of animal\'s each forelimb wrist. Then we started to record the time for the animal to remove the dots from each wrist.

### Measurement of Brain Infarction {#sec3-3}

At 14 days after stroke, rats were killed followed by cardio-perfusion. We used Hematoxylin and Eosin staining for seven 20-mm coronal sections at +4.7, +2.7, +0.7, −1.3, −3.3, −5.3 and −7.3 mm from bregma. Sections were digitalized and infarct area was measured using US National Institutes of Health Image 1.62 software (National Institutes of Health, Bethesda, Md.) as previously described.\[[@ref11]\]

### Immunohistochemistry for Cerebrovascular Density Quantification {#sec3-4}

Immunohistochemistry was performed by following standard method\[[@ref11]\] on brain sections at −0.7 mm and −1.3 mm from bregma (axial sections 3 and 4 for quantification, because the two sections represented the location of maximal cortical infarction).\[[@ref11]\] Primary antibody of von Willebrand factor (vWF) (1:100, Abbiotec, San Diego, CA, USA) was used. immunoreactive signals were examined and digitized by Olympus Microscope (Olympus B × 51, Tokyo, Japan). We measured numbers of vWF-positive vessels on 3 low-power fields (×10) of peri-infarct cortex per section. Vascular density was quantitated and presented as total number of vWF-positive vessels per square millimeter area.\[[@ref12]\]

### Statistical Analysis {#sec3-5}

Data are presented as mean ± standard error. Multi-group comparisons were performed using analysis of variance followed by Fisher protected least significant difference tests. *P* \<0.05 was considered to be significant.

Results {#sec1-3}
=======

Delayed puerarin treatment improved long-term neurological outcomes and reduced brain infarction after focal stroke in rats. For mNSS, both 50 and 100 mg/kg of puerarin significantly reduced mNSS at day 4, day 7 and day 14 after stroke compared with saline treated control animals \[[Figure 1a](#F1){ref-type="fig"}\]. For adhesive-remove test, puerarin treatment also significantly improved performance of the adhesive-remove tests at day 14 after stroke in 50 mg/kg of puerarin treatment group, at day 7 and day 14 after stroke in 100 mg/kg of puerarin treatment group compared with saline treatment group, respectively \[[Figure 1b](#F1){ref-type="fig"}\]. However, 200 mg/kg puerarin had no significant effects in the both neurological function tests after stroke \[Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}\].

![Effects of puerarin treatment in long-term neurological outcomes and brain infarction after focal stroke in rats. (a) Modified neurological severity score was assessed at day 1, day 4, day 7 and day 14 after stroke compared to saline treated control animals. (b) Adhesive-remove test was assessed at day 1, day 4, day 7 and day14 after stroke. (c) Representative H and E stained brain sections for brain infarction determination at 14 days after stroke. (d) Quantitation of brain infarction volume. Data are expressed as mean ± standard deviation. ^\#^*P* \< 0.05 for 50 mg/kg of puerarin versus saline, \**P* \< 0.05 for 100 mg/kg of puerarin versus saline. *n* = 15-18 rats per group](IJPharm-46-157-g001){#F1}

At 14 days after stroke, brain infarction volume was significantly reduced by 100 mg/kg puerarin treatment, but no significant difference was detected in animals treated with 50 or 200 mg/kg puerarin compared with saline controls \[Figure [1c](#F1){ref-type="fig"} and [d](#F1){ref-type="fig"}\]. No significant difference in mortality was detected between groups. Mortalities were 22.7% for saline, 27.3% for 50 mg/kg puerarin, 18.1% for 100 mg/kg puerarin and 31.8% for 100 mg/kg puerarin treated animals, respectively.

Delayed puerarin treatment increased peri-infarct brain vascular density at 14 days after focal stroke in rats. At 14 days after stroke, brain vascular density at peri-infarct cortex area was significantly increased in animals treated with 50 or 100 mg/kg of puerarin, not 200 mg/kg of puerarin compared with saline controls \[Figure [2a](#F2){ref-type="fig"} and [b](#F2){ref-type="fig"}\].

![Effects of puerarin treatment in peri-infarct brain vascular density at 14 days after focal stroke in rats. (a) Representative immunohistochemistry image stained peri-infarct cortex microvessels. (b) Quantitation of vascular density in peri-infarct cortex area. Data are expressed as mean ± standard deviation. \**P* \< 0.05 versus saline. *n* = 6 rats per group](IJPharm-46-157-g002){#F2}

Discussion {#sec1-4}
==========

Traditional Chinese medicine has been used in countries of South and East Asia for treating stroke.\[[@ref13]\] The lack of effective and widely applicable pharmacological treatments for ischemic stroke patients have resulted in a growing interest in traditional medicine.\[[@ref13]\] Puerarin, a form of herbal medicine, which has shown that it attenuates brain damage after ischemic stroke in rats.\[[@ref4][@ref5][@ref8][@ref14]\] Previous studies have demonstrated that puerarin has multiple therapeutic effects involving anti-apoptosis,\[[@ref14]\] anti-inflammation\[[@ref4]\] anti-oxidative stress,\[[@ref15][@ref16]\] anti-excitotoxicity,\[[@ref16]\] activated potassium channel\[[@ref3]\] and increase cerebral blood flow,\[[@ref17]\] indicating puerarin might be a novel candidate for new drug development. However, all these published studies focused only on pre-stroke or early puerain treatment in acute brain tissue damage.

It is worthy of noting that, nearly 200 clinical trials in the United States that all attempts at neuroprotection for ischemic stroke have failed, except for the National Institute of Neurological Disorders and Stroke recombinant tissue plasminogen activator trial.\[[@ref18]\] One of key reasons of the failure is over 80% of stroke patients came to hospital at 8 h or later after stroke onset, result in missing the very short (a few hours) effective neuroprotection treatment time window.\[[@ref18][@ref19]\] To overcome this barrier, the Stroke Progress Review Group of National Institute of Health in 2011 suggested that development of novel effective stroke therapy with delayed administration is a high priority for stroke research.\[[@ref20]\] In general, delayed administration of therapeutic agents aims to restore neurological functional outcome by promoting brain endogenous remodeling and plasticity when treatment is initiated at a delayed time after stroke. Thus, there is a compelling need to develop and test delayed neurological therapeutic approaches of stroke.\[[@ref20][@ref21][@ref22]\] In this study, we applied this delayed administration after stroke according to the recent recommendations on translational stroke research.\[[@ref6][@ref23][@ref24]\] Puerarin treatment was initiated at delayed 24 h after stroke and tested in clinically relevant long-term neurological outcomes 14 days after stroke. Our results showed, lower doses of puerarin at 50 and 100 mg/kg significantly improved neurological function and reduced brain infarction, 100 mg/kg was the optimal dose among the three tested doses. No significant effects were detected in animals treated with 200 mg/kg puerarin, suggested possible high dose-associated side-effects that neutralized its benefits.

Recovery mechanisms play dominant roles in late phase after stroke and vascular remodeling is one of key recovery mechanisms. It has been reported that puerarin induces angiogenesis in myocardium of rat with myocardial infarction\[[@ref25]\] and increases number and activity of cultured endothelial progenitor cells from peripheral blood.\[[@ref26]\] In this study, we found 50 or 100 mg/kg puerarin significantly increased vascular density around peri-infarct cortex area, suggesting enhanced vascular remodeling might partially contribute beneficial effects of puerarin. However, we are aware that further preclinical efficacy investigations are needed to define optimal treatment time window and regimen, test in other stroke models and animals with morbidities and determine underlying mechanisms and safety profile.\[[@ref6][@ref24]\]

Conclusion {#sec1-5}
==========

Delayed treatment of puerarin initiated at 24 h after stroke is beneficial with improved long-term neurological outcomes and reduced infarction volume in focal ischemic stroke of rats. Enhanced vascular remodeling by puerarin might at least partially contribute to its beneficial effects.
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